Unimolecular reactivity upon collision of uracil-Ca2+ complexes in the gas phase: Comparison with uracil-M+ (M = H, alkali metals) and uracil-M2+ (M = Cu, Pb) systems by Trujillo, Cristina et al.
HAL Id: hal-00619194
https://hal.archives-ouvertes.fr/hal-00619194
Submitted on 5 Oct 2018
HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.
L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.
Unimolecular reactivity upon collision of uracil-Ca2+
complexes in the gas phase: Comparison with uracil-M+
(M = H, alkali metals) and uracil-M2+ (M = Cu, Pb)
systems
Cristina Trujillo, Al Mokhtar Lamsabhi, Otilia Mo, Manuel Yanez, Jean-Yves
Salpin
To cite this version:
Cristina Trujillo, Al Mokhtar Lamsabhi, Otilia Mo, Manuel Yanez, Jean-Yves Salpin. Unimolecular
reactivity upon collision of uracil-Ca2+ complexes in the gas phase: Comparison with uracil-M+ (M =
H, alkali metals) and uracil-M2+ (M = Cu, Pb) systems. International Journal of Mass Spectrometry,
Elsevier, 2011, 306 (1), pp.27-36. ￿10.1016/j.ijms.2011.05.018￿. ￿hal-00619194￿
  1  
Unimolecular reactivity upon collision of uracil-Ca2+ complexes in the gas 
Phase: comparison with uracil-M+ (M=H, alkali metals) and uracil-M2+ 
(M=Cu, Pb) systems.  
 
Cristina Trujilloa, Al Mokhtar Lamsabhia, Otilia Móa, Manuel Yáñeza and Jean-Yves Salpinb,c 
aDepartamento de Química, Módulo 13. Universidad Autónoma de Madrid. Cantoblanco, 
Campus de Excelencia UAM-CSIC, 28049-Madrid. Spain.  
bUniversité d'Evry Val d’Essonne – Laboratoire Analyse et Modélisation pour la Biologie et 
l'Environnement (LAMBE)– Bâtiment Maupertuis, Boulevard François Mitterrand, 91025 
Evry, France 
cCNRS – UMR 8587 
 
 
Corresponding author: 
 Jean-Yves Salpin 
 Tel: 33 1 69 47 76 44 Fax: 33 1 69 47 76 55 
 e-mail : jean-yves.salpin@univ-evry.fr 
 
  2  
Abstract  
The stability against collisional dissociation of [uracil-Ca]2+ complexes has been 
investigated by combining nanoelectrospray ionization/mass spectrometry techniques and 
B3LYP/6-311++G(3df,2p)//B3LYP/6-31+G(d,p) density functional theory (DFT) calculations. 
The reactivity upon collision seems to be dominated by Coulomb explosion processes, since 
the most intense peaks in the MS/MS spectra correspond to singly-charged species (CaOH+ 
and [C4,H3,N2,O]+). Nevertheless, additional peaks corresponding to the loss of neutral 
species, namely [H,N,C,O] and H2O have been also detected. A systematic study of the CID 
spectra obtained with different labeled species, namely, 2-13C-uracil, 3-15N-uracil and 2-13C-
1,3-15N2-uracil, concludes unambiguously that the loss of [H,N,C,O] involves exclusively 
atoms C2 and N3. Suitable mechanisms for these fragmentation processes are proposed 
through a theoretical survey of the corresponding potential energy surface. A comparison 
between these results and those reported for two other metal dications, namely Cu2+ and Pb2+, 
as well as for protonated uracil and uracil-M+ (M = Li, Na, K) complexes denotes the 
existence of significant differences and interesting similarities, among the various systems.  
 
Keywords 
nanoelectrospray/mass spectrometry; DFT calculations; unimolecular reactivity; calcium; 
metal ions; uracil; potential energy surfaces 
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Introduction  
 
The interaction of different DNA bases with metal ions has received a lot of attention along 
the years. Most of these studies were focused on the interactions with singly-charged metal 
ions, both alkali metal ions and transition metal ions [1-14]. More recently, many publications 
reported studies in which the metal ion interacting with the base is a doubly-charged species, 
in particular alkaline-earth metal dications [6,7,15-21], but also transition metal dications such 
as Cu2+, Ni2+ or Zn2+ [7,11,22,23]. As a consequence, a lot of information has been gathered 
mainly on the structure of the corresponding complexes and on the effects of the metal ion on 
the geometry of the base or in its capacity to form pairs with other bases [7,15,22]. However, 
the information about the unimolecular reactivity of these complexes is much scarcer and 
fragmentary. One of the important reasons behind this lack of information is the fact that 
many of the doubly-charged complexes formed by the association of the base with the metal 
dication are not stable species in the gas phase, and most of them typically decompose by 
losing a proton of the nucleobase [24]. We have shown for different systems of biochemical 
interest, such as urea [25,26], thiourea [26,27], selenourea [28], glycine [29], that this is not 
the case when the doubly-charged metal ion is Ca2+, because when this ion interacts with all 
the aforementioned systems, the deprotonation process turns out to be endothermic and the 
doubly-charged complex is stable both with respect to the loss of a proton or with respect to 
an alternative Coulomb explosion yielding Ca+ [30].  
Due to the enormous relevance of uracil as a biochemical system, it has been the object of 
many different studies, and notably those dealing with its gas-phase interactions with [Cu2+] 
[31-33] and [Pb2+] [34,35]. Since Ca2+ is ubiquitous in the biochemical media, we thought that 
it was of interest to extend the previous studies to Ca2+ ions, with the aim of establishing 
whether the reactivity depends strongly on the nature of the metal dication or if on the 
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contrary, all reactions exhibit similar patterns, being the critical factor the fact that one of the 
reactants has a large positive charge which strongly polarizes the base.  
For this purpose, the gas-phase interactions of Ca2+ with uracil have been investigated by 
means of nanoelectrospray ionization/mass spectrometry techniques, whose results were then 
analyzed and interpreted by exploring the topology of the corresponding potential energy 
surface by means of accurate density functional theory calculations. This allowed us to 
compare the behavior of this alkaline-earth dication with that of two other doubly-charged 
metal ions, namely Cu2+ and Pb2+, which are also biochemically relevant [36-39], although for 
different reasons, since Ca and Cu can be considered as oligoelements while Pb is a well-
known poison [40]. This comparison can provide new insights about the gas-phase interaction 
of uracil with metal dications.  
 
Experimental and Computational Details 
Experimental section 
Electrospray MS/MS mass spectra were recorded on a QSTAR PULSAR i (Applied 
Biosystems/MDS Sciex) hybrid instrument (QqTOF) fitted with a nanospray source. 
Typically, 6 µL of a 1:1 aqueous mixture of calcium chloride and uracil (10-4 mol L–1) were 
nanosprayed (20–50 nL/min) using borosilicate emitters (Proxeon). The sample was ionized 
using an 800-900 V nanospray needle voltage and the lowest possible nebulizing gas pressure 
(tens of millibars). The declustering potential DP (also referred to as "cone voltage" in other 
devices), defined as the difference in potentials between the orifice plate and the skimmer 
(grounded), ranged from 0 to 120 V. The operating pressure of the curtain gas (N2), which 
prevents air or solvent from entering the analyzer region, was adjusted to 0.7 bar by means of 
pressure sensors, as a fraction of the N2 inlet pressure. To improve ion transmission and 
subsequent sensitivity during the experiments, the collision gas (CAD, N2) was present at all 
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times for collisional focusing in both the Q0 (ion guide preceding the quadrupole Q1 and 
located just after the skimmer) and Q2 (collision cell) sectors. 
For MS/MS spectra, complexes of interest were mass selected using Q1, and allowed to 
collide with nitrogen as collision gas in the second quadrupole (Q2), the resulting product ions 
being analyzed by the time-of-flight (TOF) after orthogonal injection. Furthermore, MS/MS 
spectra were systematically recorded at various collision energies ranging from 7 eV to 16 eV 
in the laboratory frame (the collision energy is given by the difference between the potentials 
of Q0 and Q2). The CAD parameter, which controls the amount of N2 introduced into Q2, 
was set to its minimum value in order to limit multiple ion–molecule collisions. All 
experiments were performed in 100% water purified with a Milli-Q water purification system. 
All nucleobases but 3-15N-uracil (see acknowledgements) and calcium chloride were 
purchased from Aldrich (St Quentin-Fallavier, France) and were used without further 
purification.  
 
Computational Details 
Density functional theory (DFT) calculations were carried out using the B3LYP 
hybrid functional, as implemented in the Gaussian 03 suite of programs [41]. B3LYP 
combines the nonlocal correlation function of Lee et al. [42], with the Becke's three-parameter 
non local hybrid exchange functional [43].  
We have chosen the hybrid functional B3LYP because, in a previous assessment [44], it has 
been shown to provide reliable results when dealing with Ca2+ interactions. The different 
structures have been first optimized with a dp-polarized 6-31+G(d,p) basis set expansion, 
which includes diffuse functions on the heavy atoms. Harmonic vibrational frequencies were 
computed at the same level in order to estimate the corresponding zero-point vibrational 
energy (ZPVE) corrections (scaled by 0.986 [45]) and to classify the stationary points of the 
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PES either as local minima or transition states (TS). Intrinsic reaction coordinate (IRC) 
calculations were carried out to ascertain the connection between TS and local minima. In 
order to ensure the reliability of our relative energies when analyzing the topology of the 
corresponding potential energy surface (PES), the final energy of each of the stationary points 
was refined by single-point calculations using the much larger and flexible 6-311+G(3df,2p) 
basis. It should be mentioned that this level of theory predicts as the most stable structure of 
uracil-Li+ complexes the structure in which the metal ion binds the carbonyl oxygen at 
position 4, in fairly good agreement with recent IRMPD results which suggest this to be the 
most stable structure in complexes between uracil and hydrated-Li+ [12]. This good agreement 
can be taken as a indirect assessment of the level of theory used in this work.   
The bonding characteristics were investigated by means of the atoms in molecules 
(AIM) theory [46,47], in particular through the analysis of the molecular graphs and of the 
energy density, 

 
h(r r ) = v(r r ) + g(r r )        (1) 
where 
 
v(r r )  and 
 
g(r r ) are the local densities of the kinetic energies, respectively. The regions 
in which this magnitude is negative or positive correspond to areas in which the electron 
density is built up or depleted, respectively, so that the former can be associated with covalent 
interactions, whereas the latter are typically associated with closed-shell interactions, as in 
ionic bonds or hydrogen bonds. The molecular graphs are defined by the ensemble of the 
bond critical points and the bond paths. The corresponding density energy plots have been 
obtained by means of the AIMPAC series of programs [48].  
 
Results and Discussion 
 Mass spectrometry 
  7  
A typical nanoelectrospray spectrum recorded at DP= 20 V for a 1:1 aqueous mixture 
of CaCl2/uracil (10-4M) is given in Figure 1a.  
<Figure 1> 
Several series of ions are observed and use of labeled uracils allows an easy identification of 
the ions involving uracil. In the low-mass range, hydrated Ca2+ ions [Ca(H2O)i]2+ (i = 1-3) are 
detected at m/z 29.00, 37.99 and 46.99, respectively. Their intensity is particularly high when 
the DP parameter is set to 0 V and then quickly drops off when the declustering potential is 
increased. Calcium hydroxide (m/z 56.97) is also detected but in weak abundance over the all 
range of DP values. This spectrum therefore differs significantly from the electrospray spectra 
obtained with Cu(II) and Pb(II) salts, which exhibit intense metal hydroxide MOH+ ions 
[33,34]. The electrospray spectrum is presently dominated by protonated uracil (m/z 113.03). 
This was rather expected given the rather high proton affinity of this nucleobase compared to 
that of water [49]. Like for [Pb2+] [34,35] and [Cu2+] [33], singly-charged complexes of the 
type [M(uracil)m–H)]+ (m=1-3) are detected at m/z 150.99, 263.03 and 375.07. In addition, 
doubly-charged complexes of general formula [Ca(uracil)n]2+ (n=1-6) are also observed with a 
significant intensity at m/z 76.00 and 132.01, 188.04, 244.06, 300.07 and 356.08. A hydrated 
[Ca(uracil).H2O]2+ complex is also detected at m/z 85.00. Interaction of metal dications with 
organic ligands L generally results in the detection on electrospray spectra of a series of 
[MLn]2+ complexes (n≥1) [50-60], but the smallest species [ML]2+ (n=1) is often not observed, 
especially for metals having a high second ionization energy such as copper or lead. 
Consistently, in the case of the Cu2+/uracil and Pb2+/uracil systems, no [M(uracil)]2+ ions were 
observed, but we did neither detect higher homologues in the case of copper [33]. Note that 
this was also the case in a recent electrospray study of the Ca2+/uracil system [19], indicating 
that the geometry of the ESI interface may have a strong influence on the observation of these 
species.  
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Increasing the DP value results in the fast removal of the doubly-charged complexes by "in 
source" fragmentation processes. At high DP values, the most abundant species detected are 
protonated uracil and singly-charged [Ca(uracil)m–H)]+ (m=1,2) complexes. Consequently, 
we opted for a low DP value to record the MS/MS spectra of the various doubly charged 
species.  
MS/MS spectra of all the [Ca(uracil)n]2+ complexes have been recorded (not shown). For n≥2, 
two competitive processes are systematically observed: 1) elimination of neutral uracil 
leading to the [Ca(uracil)n-1]2+ ion and 2) an interligand proton transfer followed by charge 
separation driven by Coulomb explosion, giving rise to the [Ca(uracil)n-1-H]+ complex and 
protonated uracil (m/z 113.03). In turn, these newly-formed complexes may expel one uracil 
unit. Loss of intact uracil dominates for n = 4-5 while the interligand proton transfer becomes 
prominent for n = 2-3. In order to rationalize the behavior upon collision of the doubly-
charged complexes, two parameters ncrit and nmin were introduced [57]. The first one, namely 
ncrit, is defined as the largest value of n at and below which M2+(L)n decomposes not solely by 
neutral evaporation but also via charge (electron and/or proton) transfer as well. Our MS/MS 
spectra show that for Ca2+ ions and uracil, the ncrit parameter is at least equal to 5. In spite of 
extensive tuning, the [Ca(uracil)6]2+ (m/z 356.08) could be detected only in very small 
amounts, so that its MS/MS spectrum could not be recorded. The second parameter nmin is 
defined as the minimum number of ligands for which M2+(L)n complexes, under CID 
conditions, remain stable against spontaneous dissociative electron transfer or proton transfer 
reactions. A value of 0 for nmin may be presently attributed as bare Ca2+ ions are detected 
when recording the MS/MS spectrum of the [Ca(uracil)]2+ complex at high collision energy, 
though in very small abundance. 
Globally, the dissociation upon collision of this latter complex markedly differs from 
its higher homologues since its MS/MS spectrum (Figure 1b) is characterized by elimination 
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of water (m/z 67.00) and of a 43 daltons [H,N,C,O] moiety (m/z 54.50). This latter process is 
the only dissociation channel observed for the [Ca(uracil)-H]+ complex (not shown), and is 
also observed for both [Pb(uracil)-H]+ and [Cu(uracil)-H]+ complexes [33,34]. One may 
reasonably assume that elimination of 43 Daltons without extensive rearrangement requires 
adjacent atoms to be expelled. In that particular case, isocyanic (H-N=C=O) acid should be 
eliminated rather than cyanic acid (HO-C≡N). According to Scheme 1, three possibilities may 
be envisaged for the loss of [H,N,C,O]: HN3C2O, HN1C2O and HN3C4O. 
<Scheme 1> 
Consequently, the only way to establish the connectivity of the fragments without ambiguity 
is by using appropriate labeled species. For this purpose, besides the non-labeled complex 
(m/z 76.00) the labeled complexes generated with 2-13C-uracil (m/z 76.50), 2-13C-1,3-15N2 
uracil (m/z 77.50) and 3-15N-uracil (m/z 76.50) were studied. A summary of the labeled 
products ions observed by CID in each case is given in Table 1.  
<Table 1> 
When using either 2-13C- or 3-15N-uracil species, a loss 44 Daltons is observed (m/z 54.5). 
This product ion is shifted at m/z 54.99 (elimination of 45 Daltons) when 2-13C-1,3-15N2 uracil 
is considered. Consequently, these experiments clearly demonstrate that the loss of HNCO 
involves exclusively the elimination of the C2 and N3 atoms and that the HN3C2O fragment 
should be expelled. This fragmentation process is therefore similar to what is observed for 
[M(uracil)-H]+ complexes (M=Cu, Pb, Ca). It is worth mentioning that the same loss was also 
observed in collision induced dissociation of protonated uracil, although in this particular case 
a 10% and 3% of HN1C2O and HN3C4O, respectively, were also detected [61]. The loss of 
HNCO, although without identifying the atoms actually eliminated, was also detected onto the 
photodissociation spectrum of the Mg+-uracil gaseous complexes [62], as well as for uracil in 
photoionization mass spectrometry studies at 20 eV photon excitation energy [63], electron 
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ionization experiments carried out at 70 eV [64] and 20 eV electron ionization energies [65], 
and more recently also in proton impact experiments [66]. We will come back to these results 
in the last section of this paper. 
Apart from the loss of [H,N,C,O], the MS/MS spectrum of the [Ca(uracil)]2+ complex is 
dominated by a charge separation process giving rise to [Ca,O,H]+ (m/z 56.97) and a 
[C4,H3,O,N2]+ species detected at m/z 95.03. The former presumably corresponds to calcium 
hydroxide (vide supra). The latter peak is logically shifted as labelled uracils are used (Table 
1). In order to have more information about the structure of this product ion, we recorded its 
CID spectrum. To this end, this ion was generated in sufficient abundance by in source 
fragmentation. It certainly mostly arose from the doubly charged complex as loss of water 
from protonated uracil is only a very minor process. Three peaks are observed and correspond 
to the loss of 27, 28 and 42 Daltons. Again, use of labeled uracils provides useful insights 
about the structure of this product ion. First, elimination of 28 Daltons is always observed, 
suggesting that this process should correspond to elimination of carbon monoxide. 
Interestingly, as the loss of 28 Daltons is still observed with 2-13C-uracil, the CO moiety 
would involve the C4 atom. The elimination of 27 Daltons is observed for all uracils but 2-
13C-15N2-uracil. For this particular reactant, only a loss of 28 Daltons is observed and the 
elimination of [H,C,N] and CO therefore cannot be distinguished. Consequently, the [H,C,N] 
fragment involves the N1 atom. It is worth noting that the m/z 53 ion is systematically 
detected regardless of the uracil considered. Therefore, this particular fragmentation should 
rather be associated with the elimination of a [C,H2,N2] unit instead of a ketene molecule. In 
summary, the fragmentation pattern of complexes involving divalent metals is much richer 
than the one observed with alkali metals, since a recent threshold collision induced 
dissociation study has shown that M+-uracil complexes (M=Li, Na, K) react solely by loss of 
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the intact uracil [2]. To conclude this section, note that one can also observe on Figure 1b a 
peak at m/z 54.00, but its attribution is still unclear. 
 
Computational Study 
 In order to rationalize the experimental findings, we carried out a theoretical study that 
will enable us to explore the potential energy surfaces associated with the [Ca(uracil)]2+ ion 
fragmentation processes. The energies of the corresponding stationary minima and transitions 
states are reported in Table S1 of Supporting Information. Recently, we have shown [67] that 
structures 1, 4, 2b and 5b (see Figure 2) are the most probable structures that could be 
involved in the dissociation of this complex. 
<Figure 2> 
For the sake of consistency we have adopted the same numbering for the complexes as used 
in ref. [67]. It should be reminded that these structures are connected between each other 
through transition states which involve activation energies much lower than the entrance 
channel. Therefore all of them are suitable initial structures for the [Ca(uracil)]2+ 
fragmentation processes. It is worth noting that the most stable neutral structure of uracil is 
the diketone form instead of the dienol structure [68]. The direct interaction of Ca2+ occurs 
mainly on the oxygen which occupies position 4, and leads to form 4, with a binding energy 
of about 438 kJ mol-1, and on the oxygen at position 2 yielding complex 1, the binding energy 
of the metal being 397 kJ mol-1. Minima 5b and 2b, which are the most stable ones, are the 
result of a 1,3-hydrogen transfer from the nearby nitrogen to the oxygen atom at position 2 or 
4 in the structure 4 or 1, respectively. As mentioned above, these isomers will be taken as the 
starting point for the fragmentation mechanisms proposed. A fifth structure, namely complex 
8 was added to the previous ones, because this π-type complexes were found to play a 
significant role in the reactions between uracil and other metal dications [33], and as we shall 
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show in forthcoming sections, also contributes significantly to the reactivity of uracil with 
Ca2+. 
Two kinds of fragmentations of [Uracil-Ca]2+ complexes have been observed in the MS/MS 
spectra, those corresponding to Coulomb explosions leading to singly-charged species like 
[Ca,O,H]+ and [C4,N2,O,H3]+  and those corresponding to the loss of a neutral moiety which 
yield doubly-charged product ions such as [Ca,C4,H2,O,N2]2+ and [Ca,C3,H3,O,N]2+. For the 
sake of clarity, we will discuss each of these fragmentation mechanisms in separate sections. 
 
Coulomb explosions yielding [Ca,O,H]+and [C4,N2,O,H3]+ 
As indicated in previous sections the two most intense peaks in the MS/MS spectrum 
are detected at m/z 56.97 and 95.03, and correspond to [Ca,O,H]+ and [C4,N2,O,H3]+ 
monocations, respectively. All the four local minima (1, 4, 2b and 5b) mentioned in the 
previous section can be, in principle, good precursors for the formation of [CaOH]+ since, in 
all of them, the dication is attached to an oxygen atom. A simple hydrogen transfer from the 
nearby NH or CH groups would then yield a CaOH arrangement and the subsequent 
formation of [CaOH]+. However, the mechanisms depend on the nature of the starting isomer. 
As shown in Figure 3, two different mechanisms originating from the adduct 4 are possible 
depending on the hydrogen involved in the 1,3-H shift (the C5H or the N3H). 
<Figure 3> 
As it could be easily anticipated the latter is the most favorable one, due to the much larger 
intrinsic acidity of the N3H group. This 1,3-H shift leads to the intermediate D, which 
subsequently dissociates into [CaOH]+ and a cyclic CHCHNHC(O)NC+ structure. Note that 
the corresponding NC-CH=CH-NH-CO+ acyclic ion is 11 kJ mol-1 higher in energy than the 
cyclic one shown in Figure 3. The 1,3-H shift from the C5H group can then be discarded since 
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the formation of the intermediate C involves an activation barrier (472 kJ mol-1) which is very 
close in energy to the entrance channel.  
 In principle, two mechanisms with origin in form 1 could also be possible, but in order 
not to overload the Figure 3, only the most favorable is shown. This mechanism involves a 1,3 
H shift from N1H rather than from N3H. It is well established that of the two NH groups 
present in uracil, N1H is the most acidic one [69], and this situation does not change when 
forming complexes with Ca2+ [67]. This hydrogen shift leads to the formation of structure B, 
which eventually dissociates yielding a very stable OCCHCHNCNH+ open-chain monocation.  
Alternative processes yielding [CaOH]+ could also involve the enolic complexes 2b and 5b. 
The most favorable one from a thermodynamic viewpoint would have its origin in the global 
minimum 2b and would imply two steps. In the first one, the N1H hydrogen migrates toward 
the CO group through a rather low activation barrier (231 kJ mol-1). Then, the intermediate 
formed (A) would undergo a Coulomb explosion yielding [CaOH]+ and the second more 
stable cyclic [C4,N2,O,H]+ cation, through a reasonably small barrier.  
The mechanism involving 5b can be also discarded. Although the energy barrier connecting 
5b to the intermediate E is not too high, the one associated with the simultaneous cleavage of 
the C-O and N-Ca bonds in structure E is also very close in energy to the entrance channel 
(466 kJ mol-1).  
In summary, the fragmentation of the [uracil-Ca]2+ complex through the charge separation 
process yielding [CaOH]+ and [C4,N2,O,H3]+ may have its origin in three different structures, 
namely 2b, 1 and 4, through appropriate 1,3-H shifts. These three processes are 
thermodynamically allowed, and the barriers associated with the limiting step for each process 
are rather similar (335, 354 and 372 kJ mol-1). This suggests that the loss of [CaOH]+ might 
lead to the formation of three different [C4,N2,O,H3]+ isomers, two cyclic ones and one (the 
most stable) with an aliphatic open-chain structure. Note however that the formation of the 
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acyclic form is consistent with the MS/MS spectrum of the m/z 95.03 ion, which, as shown 
before, is characterized by elimination of C(4)O, [H,C,N(1)] and [C(2),H2,N2] subunits. 
Furthermore, this product would be also entropically favored with respect to the two cyclic 
isomers. 
 
Mechanisms associated with neutral losses  
The two peaks observed in the MS/MS spectrum at m/z 67.00 and m/z 54.50 
corresponds to the loss of H2O and [H,N,C,O], respectively. As mentioned in the 
experimental section, the use of appropriate labeled species demonstrates that the loss of 
[H,N,C,O] involves specifically C2 and N3. Elimination of [H,N,C,O] was also observed on 
the MS/MS spectra of the [M(uracil)-H]+ complexes (M=Cu[33] or Pb[34]), and interestingly 
involves the same atoms. The question that needs to be addressed now is what is the 
mechanism leading to this specific loss and what is the more likely structure of the [H,N,C,O] 
fragment produced. Our calculations show that isocyanic acid (H-N=C=O) is more stable by 
about 115 kJ/mol than cyanic acid (HO-C≡N), but in principle, as we shall discuss later, both 
forms should be experimentally accessible. 
Although all possible mechanisms leading to the formation [H,N,C,O] and H2O from the four 
most stable [uracil-Ca]2+ complexes have been examined, we only present in Figure 4 those 
involving the lowest activation barriers.  
<Figure 4> 
This immediately discards 1, 4 and 2b as starting structures, for which multiple intermediate 
steps characterized by very high activation barriers are required. However, we have also 
included in our survey the conventional π complex 8, because this kind of complexes was 
found to play a fundamental role in the reactivity of uracil with other metal dications [33]. In 
complex 8, Ca2+ interacts simultaneously with the N1 and N3 lone pairs. Although this 
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structure is much higher in energy (about 281 kJ mol-1 less stable than structures 2b and 5b), it 
can play an important role in the collision induced dissociation of the [uracil-Ca]2+ ion, 
because its formation induces important distortions of the ring. These distortions result in a 
strong perturbation of the resonance delocalization, and subsequently in both a loss of 
planarity and a weakening of several bonds within the ring. Accordingly, a low activation 
barrier (22 kJ mol-1) is obtained for the cleavage of C-N bond, which leads to the intermediate 
F, which may expel HNCO through the TS6 transition state. It is worth noting that all 
attempts to find a way in which structure 4 can be connected to the intermediate F, in 
particular a kind of retro-Diels-Alder rearrangement, failed. Note also that like for Pb2+ ions 
[34], the most favorable path for the loss of HNCO results in a complex in which the metallic 
centre interacts with an acyclic fragment that can be described as a ketene bearing an imino 
group.  
The C2-N1 bond cleavage in structure 5b is energetically much more demanding, with an 
activation barrier of 293 kJ mol-1, connecting this local minimum with the G intermediate, 
which further dissociates by losing HOCN. Although the loss of HNCO arising from structure 
8 is the most favorable processes, the elimination of HOCN from 5b cannot be ruled out and 
therefore the neutral molecule generated together with the m/z 54.50 ion, could be either 
HNCO or HOCN.  
 Elimination of water is the other neutral loss observed onto the MS/MS spectra. Since 
uracil contains two oxygen atoms at positions 2 and 4, this H2O molecule can, in principle 
contain, any of these two oxygen atoms. Obviously, the most suitable structures for water loss 
are the enolic forms 2b and 5b, because this reduces the required hydrogen transfers to only 
one. However, for the global minimum 2b, this 1,3-H transfer is thermodynamically not 
favored (401 kJ mol-1) and therefore appears very unlikely since the corresponding 
dissociation limit lies 2 kJ mol-1 higher in energy than the entrance channel. The process 
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involving the enolic form 5b is, conversely, much more favorable, since the hydrogen transfer 
from N1H towards the O2 center leading to the minimum H is associated with an activation 
barrier of 273 kJ mol-1. Dissociation of H results in an exit channel located well below the 
entrance channel (see Figure 4).  
 
Ca2+- uracil vs. Cu2+- uracil, Pb2+- uracil, M+-uracil (M = H, Li, Na, K) fragmentations 
Interaction of uracil with metal ions, as pointed out in the introduction, may provide 
interesting information on the behavior of this molecule in biological media, and how this 
behavior may depend on the nature of the metal ion. The same can be said as far as protonated 
uracil is concerned. Since both experimental and theoretical information are available for the 
uracil/Pb2+, uracil/Cu2+ uracil/M+ (M = Li, Na, K) and uracil/H+ systems, we thought that it 
would be interesting to compare the chemistry of Ca2+ to those of Cu2+, Pb2+, alkali metal ions 
and proton. When Ca2+ is compared to Cu2+ or Pb2+, the first significant difference is the 
nature of the metal ion-uracil interaction. As illustrated in Figure 5, for the adducts formed by 
the direct interaction of the metal with neutral uracil in its equilibrium conformation, while 
the association of Ca2+ is essentially electrostatic, the binding of Cu2+ exhibits a non-
negligible covalent character, and the interaction with Pb2+ could be considered as 
significantly covalent.  
<Figure 5> 
Indeed, while the energy density between the metal and the organic moiety is positive in the 
case of Ca2+ complexes as typically observed for electrostatic interactions, it is found negative 
for the Cu2+ and Pb2+ analogues, indicating that in these latter cases the covalent character of 
the interaction is not at all negligible. The greater overlap between the valence shell of Pb and 
that of the oxygen atom in uracil clearly shows that this covalency is particularly large in 
[Pb(uracil)]2+ complexes. As it has been discussed previously in the literature [26], Cu2+ has 
an oxidant character which Ca2+ does not have. This is a consequence of two concomitant 
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factors, on the one hand the large difference between the recombination energy for these 
dications (20.29 eV for Cu2+ and 15.03 eV for Pb2+ but only 12.03 eV for Ca2+) [49], and on 
the other hand the fact that Cu2+ has low-lying empty d orbitals, able to easily accommodate 
electronic charge from the base, whereas the 4s empty orbital of Ca2+ lies very high in energy. 
The situation is rather similar in Pb2+, where again low-lying empty p orbitals are available 
for the charge transfer from the base. The fact that the charge transfer easily occurs between 
the base and Cu2+ and Pb2+ is nicely mirrored, as mentioned above, in the energy density 
maps, which shows that for Ca2+ the interaction is typically the one between two closed 
systems, and therefore, essentially electrostatic, while for Cu2+ and Pb2+ there is a non-
negligible charge exchange between the interacting subunits. The main consequence of these 
dissimilarities is that in [Cu(uracil)]2+ and [Pb(uracil)]2+ complexes the charge transfer from 
the base towards the metal ion is quite large resulting in a significant acidity enhancement of 
the uracil moiety [32], which strongly favors a proton transfer processes within [M(uracil)n]2+ 
(n ≥2, M = Pb) clusters from one uracil ligand to another. In fact this intracluster proton 
transfer would be consistent with the fact that for this systems both [M(uracil-H)]+ and 
uracilH+ monocations are detected. This is not the case for the [Ca(uracil)]2+ complex, because 
the charge transfer from the base to the metal ion, as indicated above, is very small. Hence, 
whereas [Ca(uracil)]2+ ions are observable in the gas phase under our electrospray conditions, 
[Cu(uracil)]2+ and [Pb(uracil)]2+ species are not, and only [M(uracil-H)]+ (M = Cu, Pb) 
complexes, likely originating through proton transfer processes within [M(uracil)n]2+ (n ≥2, M 
= Pb) clusters as indicated above, have been detected [34,35]. The fact that the 
aforementioned intra-cluster proton transfer is favored in [M(uracil)n]2+ (n ≥2, M = Cu, Pb) is 
also consistent with the exothermicity of the [Cu(uracil)]2+ → [Cu(uracil-H)]+ + H+ Coulomb 
explosion, whereas the similar process for Ca containing systems is endothermic.[24] Hence, 
for Cu2+ and Pb2+ interactions the smallest complexes which undergo fragmentation are the 
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[Cu(uracil-H)]+ or [Pb(uracil-H)]+ singly charged species [71]. One of the consequences of 
this fact is that CuOH+ and PbOH+ are not observed as products of their fragmentation, 
whereas for [Ca(uracil)]2+ complexes CaOH+ is the most abundant product. For similar 
reasons, the loss of NCO. radical is not observed for [Ca(uracil)]2+, whereas for Cu, the fact 
that uracil is already deprotonated renders the loss of the NCO· radical possible. For Pb, the 
interaction with the basic sites of uracil has a much more covalent character and the formation 
of [PbNCO] + is observed instead of the elimination of NCO·. 
On the other hand, elimination of [H,N,C,O] is observed with the three divalent metals. for 
the three systems. In all cases this loss is the second more important process, and the atoms 
involved in this dissociation are systematically the oxygen attached to C2 and the nitrogen N3. 
In fact, the mechanism is rather similar for the three systems and implies a complex in which 
the metal simultaneously interacts with the two nitrogen atoms (structure 8). Such a binding 
mode induces an activation of most of the bonds within the uracil ring reflected in a decrease 
the electron density at the corresponding bond critical points, this decrease being particularly 
large for both the N3C4 and the N1C2 bonds (see Figure 6), whereas the C4O bond becomes 
reinforced.  
<Figure 6> 
The most significant difference between the MS/MS spectra of the [Ca(uracil)]2+ and 
protonated uracil ions is that a loss of NH3 is only detected in the latter case. This likely 
reflects the easiness of a proton transfer within the protonated species towards one of the NH 
ring groups, which is not favorable in the [Ca(uracil)]2+ complexes. Consistently with these 
arguments, NH3 loss is observed neither in photoionization [63] nor in electron impact [64,65] 
mass spectrometry studies of uracil. In all cases however a loss of HNCO is observed. It is 
worth noting that the structure proposed for the ion corresponding to the loss of HNCO from 
photoionized uracil ([O=C-CH=CH-NH]+) is in agreement with the structure of the 
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corresponding Ca2+ complex likely to be detected in our study, in which the metal dication 
bridges between the carbonyl oxygen atom and the NH imino group of the O=C-CH=CH-NH 
moiety (Figure 4).  
The differences in the collision-induced unimolecular reactivity between [Ca(uracil)]2+ and 
[M(uracil)]+ ions, where M is an alkali metal are also significant since the only fragmentation 
observed for uracil-alkali+ complexes is the loss of the nucleobase [2]. This likely reflects the 
fact that the polarization of the electron density of the base is significantly larger in presence 
of the dication, and therefore some of the bonds of uracil become significantly activated and 
finally cleaved, whereas the activation induced by the interaction with alkali monocations is 
rather weak and therefore not sufficient to promote a bond fission. This is actually reflected in 
the corresponding molecular graphs, which show indeed that the activation or reinforcement 
of the uracil-moiety bonds are stronger upon Ca2+ than upon Na+ association. As illustrated in 
Figure 6, the activation of the C=O bond induced by Ca2+ is significantly larger than the one 
induced by Na+, mirrored in a much larger decrease of the electron density at the 
corresponding bond critical point. This also applies for the activation of the C2N3 and the 
C5C6 bonds or with respect to the reinforcement of the N3C4 and C4C5 linkages. In 
agreement with the experimental results, the bond between the metal and the basic site of 
uracil is much weaker for Na+ than for Ca2+.  
  
Conclusions 
The investigation of the gas-phase interactions between Ca2+ and uracil by means of 
nanoelectrospray ionization/mass spectrometry techniques shows that charge separation 
processes leading to singly-charged species dominate in the MS/MS spectra of [Ca(uracil)]2+ 
ions. Actually, the most intense peaks correspond to [CaOH]+ (m/z 56.97) and [C4,N2,O,H3]+ 
(m/z 95.03) Nevertheless, additional product ions corresponding to the loss of neutral species 
such as [H,N,C,O] and H2O have been also detected. A systematic study of the CID spectra 
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obtained with different labeled species concludes unambiguously that the loss of [H,N,C,O] 
involves exclusively atoms C2 and N3.  
A DFT study of the energy profile associated with the various processes shows that the 
aforementioned charge separation process may indifferently involves three different structures, 
namely 2b, 1 and 4, and that the three proposed mechanisms are thermodynamically allowed 
and roughly equally probable. Hence, the formation of [CaOH]+ may be accompanied with 
the generation of three different [C4,N2,O,H3]+ isomers, two cyclic ones and one (the most 
stable) with an aliphatic open-chain structure. 
The loss of [H,N,C,O] arises from complexes 8 and 5b, the neutrals expelled in both 
processes being different. While the most favorable pathway (originating from structure 8) 
leads to the loss of isocyanic acid H-N=C=O, 5b leads to the elimination of HOCN.  
Comparison between Ca2+/uracil, Cu2+/uracil and Pb2+/uracil systems denotes the existence of 
both significant differences and interesting similarities. Whereas the most favorable process 
upon collision for the [Ca(uracil)]2+ complex is a Coulomb explosion yielding CaOH+, 
CuOH+ or PbOH+ are practically not detected for [Pb(uracil)-H]+ or [Cu(uracil)-H]+ 
complexes. It is also worth reminding that doubly charged [M(uracil)]2+ ions were not 
detected for copper and lead. Similarly, in the fragmentation of the [Ca(uracil)]2+ complex the 
loss of NCO. is not observed while this is one of the reaction channels for Cu or Pb, although 
for Pb the NCO fragment appears associated with the singly-charged metal. Conversely, the 
elimination of HNCO is observed for the three systems, and in all cases implies the C2, O2 
and N3 atoms.  
Unlike protonated uracil, elimination of ammonia is not observed with calcium. Finally, while 
the unimolecular reactivity upon collision of the [Ca(uracil)]2+ complex is quiet rich, that of 
uracil-alkali+ complexes only shows the elimination of uracil.  
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Table, scheme and Figure caption 
 
Table 1: product ions observed for the [Ca(uracil)]2+ complex and for the m/z 95 ion, when 
using various labeled uracils. 
 
Scheme 1. Possibilities for the loss of [H,N,C,O] fragment 
 
Figure 1. a) Positive-ion nanospray spectrum of an aqueous mixture of calcium chloride and 
uracil (1:1 ratio, 10-4M) and b) low-energy MS/MS spectrum of the [Ca(uracil)]2+ complex 
(m/z 76.00) recorded at a collision energy of 12 eV (laboratory frame). 
  
 Figure 2. B3LYP/6-31+G(d,p) geometries of the lowest energy structures of [Ca(uracil)]2+ 
complexes. 
 
Figure 3. Potential energy profile corresponding to the Coulomb explosions, yielding 
[CaOH]+ and with origin in local minima 1, 4, 5b and the global minimum 2b. Relative 
energies are in kJ mol-1 
 
Figure 4. Potential energy profile corresponding to the loss of [H,N,C,O] and H2O with origin 
in the local minima 4, 5b  and the global minimum 2b. Relative energies are in kJ mol-1. 
 
Figure 5. Energy density plot for the most stable adducts formed by association of Ca2+, Cu2+ 
and Pb2+ to uracil. Solid blue and dashed red lines correspond to negative and positive values 
of the energy density, respectively.  
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Figure 6. Molecular graphs for uracil and its Ca2+ complexes in which the metal ion is 
bridging between the two N atoms (8) or attached to O4 (4). The molecular graph of complex 
4 when the metal ion is Na+ is also included for the sake of comparison. Red dots denote bond 
critical points. Electron densities are in a.u. 
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